Abstract: We present a novel optofluidic platform comprising organic molecules in solution suspended on photonic crystal slabs. Through macroscopic Fano resonances provided, enhanced spontaneous emission and low-threshold lasing of organic molecules were observed and theoretically analyzed.
Introduction
The interaction of light with organic molecules is at the heart of important technological advances in bimolecular detection, fluorescent microscopy, and organic light emitting devices. In all, it is frequently sought to enhance light matter interaction by letting it occur in typically nanostructured cavities [1] [2] [3] . However, there are inherent challenges incorporating organic molecules within the often inorganic cavities due to their dissimilar compositional structure. As a result, experimental realizations of manipulating excitons of organic molecules through optical resonances are limited. Here, we present a unique optofluidic platform comprising organic molecules in solution suspended on a photonic crystal surface, which supports macroscopic Fano resonances and allows strong and tunable interactions with the molecules anywhere along the surface. We develop the theoretical framework of this system and present a rigorous comparison with experimental measurements, showing dramatic spectral and angular enhancement of emission. We then demonstrate that these enhancement mechanisms enable lasing of only a 100-nm thin layer of diluted solution of organic molecules with substantially reduced threshold intensity, which indicates important implications for organic light-emitting devices and molecular sensing.
Theoretical frame work of enhanced emission
The interaction of light with the organic molecules can be dramatically modified in the presence of optical resonances through two mechanisms: 1. Enhancement of the molecules' absorption by coupling the pump into a resonance mode; 2. Enhancement of the extraction rate of generated photons into the far field by coupling to resonances. Since the quantum yield of many dye molecules is close to unity, we assume it remains unchanged regardless of any enhancement effects.
Excitation enhancement occurs in structures that support resonances for the excitation wavelength via the enhancement of the local electric field in the site of the molecules. Using coupled mode theory, the excitation enhancement can be directly calculated [4] . The second mechanism, extraction enhancement, is due to strong modification of the spectral density of states (SDOS) in the presence of Fano resonances. The extraction rate of photons generated by a uniform and isotropic collection of molecules into the far field when coupled to resonances can be calculated by expanding the Green's function of the system using basis of its Bloch modes under periodic boundary condition. Given knowledge of the excitation and extraction enhancement, the total enhancement factor can be calculated [4] . Note that to maximize the total enhancement factor; one seeks to maximize the energy confinement factors; as well as to enforce Q-matching conditions for both the fluorescence and pump modes.
Experimental results of enhanced fluorescence and comparison with theory
Angle-resolved fluorescence spectra of the system comprising solution of Rhodamine 6G (R6G) in methanol suspended on top of the PhC slab were measured at 120 points within a few degrees along M to Γ to X direction with results shown in Fig. 1(b) . The liquid cell holding PhC inside was mounted on a precisely controlled rotating stage, where the incident angle (θ) was be precisely tune for on-resonance pumping by matching the resonance frequency of the PhC with the 532nm pump laser. Two important characteristics can be seen from Fig. 1(b) : first, the enhancement is always maximized around the resonance frequencies of the PhC, which is because of extraction enhancement while SDOS are always maximized at the resonances. This accounts for the great resemblance between calculated band structure in Fig. 1(a) and fluorescence emission measurements in Fig. 1(b) . Secondly, the enhancement is strongly angle-dependent. To account for this dependence, total enhancement factor as a function of angle is calculated using the semi-analytical model [4] as shown Fig. 1(c) . According to the acceptance angle of the aperture in the spectrometer used in the experiments, enhancement factor is averaged over the corresponding range as in Fig. 1(d) showing good agreements with experimental results in Fig. 1 (e) not only in trends but also in values.
Effects of enhancement mechanisms on reducing lasing threshold
One direct consequence of the enhancement mechanisms is the reduction of lasing threshold in such systems. We experimentally observed lasing of organic molecules through the special Fano resonances as shown in Fig. 1(f) with a significantly reduced lasing threshold (1800W/cm 2 ) of R6G compared to previously reported results. The reduction of lasing threshold in this unique dye laser is due to three reasons: first, the quality factor of the lasing mode is high (~10 4 ). Secondly, the excitation field is dramatically enhanced near the PhC surface enabling substantial absorption of the pump within a 100nm thin layer of dilute solution. The last contribution comes from the enhanced decay rate into the lasing mode compared with molecules' free-space emission. This enhancement can be introduced phenomenologically into the lasing rate equation through the spontaneous emission factor, β. The lasing threshold is typically inversely proportional to β; hence, it can be reduced in cases where the emission rate into the lasing mode is enhanced, whereas the total rate remains almost constant. This reduced threshold could be interesting with respect to using organic molecules toward a monolithic (no dye circulation) laser source covering the UV, visible and near-IR spectrum range, much of which is accessible by inorganic-based lasers.
